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Abstract. An emission band in the infrared (IR) is shown to be associated
with a transition within the negative nitrogen-vacancy centre in diamond. The
band has a zero-phonon line at 1046 nm, and uniaxial stress and magnetic field
measurements indicate that the emission is associated with a transition between
1E and 1A1 singlet levels. Inter-system crossing to these singlets causes the
spin polarization that makes the NV− centre attractive for quantum information
processing, and the IR emission band provides a new avenue for using the centre
in such applications.
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1. Introduction
The electronic structure of the negative nitrogen vacancy (NV−) centre in diamond gives it
properties that are attractive for aspects of quantum information applications [1]–[8]. One of
the attractive features is the phenomenon of optically induced spin polarization of the S = 1
ground state [9]–[11]. It has been proposed that the polarization arises due to inter-system
crossing from the excited triplet state to singlet levels, and decay back to the ground state with
an overall change of spin. This process was thought to be non-radiative due to the emission
intensity dependence on the level of spin polarization [12], and there was no direct knowledge
of the singlets involved. However, in this work infrared (IR) emission from the NV− centre is
reported and shown to be associated with the singlet levels. Spectral analysis of this emission
has provided information about the polarizing decay path and the electronic structure of the NV
centre.
2. Observations
2.1. Emission spectrum
Two synthetic 1b diamond samples of different defect concentrations were used. Both were
2mm cubes that had been irradiated and annealed to produce NV− centres with concentrations
of about 3× 1018 cm−3 (‘high’ concentration) and about 1017 cm−3 (‘low’ concentration). Each
of the samples had 〈110〉, 〈110〉 and 〈100〉 faces. The samples were excited with a 532 nm laser
at 100mW and the emission at right angles was dispersed by a monochromator and detected on
an ADC model 403L cooled germanium photodetector. A weak IR emission band with a zero-
phonon line (ZPL) at 1046 nm was observed, and the spectrum is shown in figures 1 and 2. The
characteristic NV− emission has a higher energy ZPL at 637 nm and vibrational sidebands that
extend beyond 1000 nm, the extreme low energy tail of which create the intensity baseline in
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Figure 1. IR emission band at (a) room and (b) liquid helium temperatures for the
high concentration sample with an NV− centre concentration of 3× 1018 cm−3.
Trace (b) from the cryogenic measurement has been divided by a factor of 5 on
this graph in order to compensate for the enhanced ZPL intensity. The vibronic
tail of the characteristic NV− visible emission is apparent under the IR band.
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Figure 2. IR emission band for low concentration (1017 cm−3) sample at
liquid helium temperature. The spectrum was measured with and without an
approximately 600G magnetic field applied, and the intensity with the field
was 122% of the intensity with no external field. The sharp feature at 1064 nm
common to both traces was due to some scatter from the 532 nm laser. The other
sharp features are due to noise.
figure 1. Throughout this paper the emission from the 637 nm transition is referred to as ‘visible’
in order to differentiate it from the IR emission band.
From figure 1, it is apparent that the IR emission is of about the same strength as the portion
of the visible emission vibronic tail that is beyond 1000 nm in wavelength. Although the spectral
distribution of the visible emission has not been reliably calibrated, it is reasonable to assume
that the intensity of the vibronic tail past 1000 nm is only about 1 part in 104 of the total visible
emission band. This indicates that the IR emission is about four orders of magnitude weaker
than the visible.
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Figure 3. Emission intensity for varying external magnetic field. The field was
aligned to a 〈111〉 crystal axis to within 0.025◦. The magnetic field spectra
are shown on the same scale, however the IR intensity was many orders of
magnitude weaker than that of the visible.
At room temperature the IR ZPL at 1046 nm was clearly discernible accompanied by a
vibrational band, and at low temperature the features were clearer and dominated by the ZPL.
The ZPL linewidth was measured to be 0.3 nm (0.3meV) in the lower concentrated sample,
but was broadened significantly to 4 nm in the higher concentration sample. The vibrational
sideband had similar integrated area to that of the ZPL (S-coefficient ≈ 1) and was comprised
of peaks shifted by 42.6meV (344 cm−1), 133meV (1070 cm−1) and 221meV (1780 cm−1) from
the ZPL.
2.2. Magnetic field measurements
The intensity of both IR and visible emission bands was found to vary with magnetic fields,
and the variation for the low concentration sample is shown in figure 3 for fields between
0 and 1500Gauss aligned along the 〈111〉-direction. Precise alignment was obtained using
the techniques of ground state optically detected magnetic resonance (ODMR) [13]. The
measurements were made at room temperature, again involving 100mW laser excitation at
532 nm. The visible emission transmitted by a long pass filter at 615 nm was detected by a Si
detector, and the weakness of the IR emission meant that this signal was completely dominated
by the 3A2 ↔ 3E transition. The IR signal was collected through a 1040 nm long pass filter
and detected on an InGaAs detector. In this case, the IR band dominated, although a small
contribution (10–15%) remained from the vibronic tail of the 3A2 ↔ 3E transition. Spectrally
isolating the emission bands gave a more reliable measure of the change in emission magnitude
with magnetic field, and this is shown in figures 2 and 4.
High-field Zeeman measurements of the 1046 nm line were also undertaken. These were
made for the low concentration sample cooled to 4.2K, where the linewidth was 0.3 nm. The
sample was mounted within the core of a super-conducting Helmholtz coil, and the magnetic
field and 532 nm laser were directed along the 〈110〉-direction. The IR emission was detected at
right angles along the 〈100〉-direction, and the ZPL spectrum for a 5 T field is shown in figure 5.
No Zeeman shift or splitting was observed, although there was a small change in intensity
consistent with the room temperature measurements.
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Figure 4. Change in the visible emission intensity due to the presence of
an approximately 600G external magnetic field. Across the entire band, the
intensity with the field was 87.7% of the intensity with no magnetic field.
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Figure 5. IR ZPL for 5 T magnetic field and zero field for sample at 4.2K.
2.3. Transient response
The time dependence of the IR and visible emission was investigated for high intensity
excitation pulses. Measurements were made with the sample at room temperature being excited
by a focused 532 nm laser gated by an acousto-optic modulator. The emission was detected
using long pass filters at 615 nm and 1000 nm for the visible and IR, respectively, and to
ensure consistency between measurements an InGaAs detector was used in both cases. The
pulse sequence consisted of excitation for 700 ns, followed by a dark delay of 500 ns, and then a
slightly longer second pulse of 1700 ns. The measurements were repeated with an approximately
600Gauss field applied to the sample in a random direction. The responses are shown in figure 6.
2.4. Uniaxial stress
The techniques of uniaxial stress spectroscopy [14]–[16] were used here to study the ZPL at
1046 nm. The low concentration 2mm cubic sample was held at a temperature of 4.2K while
being compressed by a piston to pressures up to 0.7GPa. Excitation was at 532 nm in the
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Figure 6. Visible (a) and IR (b) emission for a 700 ns, 1700 ns pulse pair.
Measured with and without a magnetic field of approximately 600 Gauss applied.
vibronic band of the 3A2 ↔ 3E transition with polarization parallel to the stress. The emission
at right angles was detected with the polarization in the pi -(parallel to axis of stress) and σ -
(perpendicular to axis of stress) directions. Spectra of the 1046 nm ZPL were recorded for
stresses along the 〈110〉- and 〈100〉-axes, and these are shown in figures 7 and 8. Three distinct
lines were observed in the spectrum taken for the 〈110〉 stress (although the lowest energy line
could be two overlapping lines), and two for the 〈100〉 stress.
The splitting of the 637 nm ZPL was measured, but the polarization contrast was not
as distinct as that obtained by [18]. This was because we measured excitation rather than
absorption, and had additional scatter due to not all sample faces being polished. However, the
dominant feature is a pi -polarized line displaced to high energy, and this was used to confirm
the magnitude of the stress.
For stress along 〈100〉, measurements were repeated at 43K, and the results are included
in figure 8. The figure shows that there was no thermal variation in the emission spectra over
this temperature range.
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Figure 7. (a) Emission spectra for approximately 0.3GPa stress applied along the
〈110〉-direction, measured along the 〈110〉-direction with polarization parallel
(pi) and perpendicular (σ ) to stress. The zero stress ZPL is shown in green
for reference. (b) Theoretical patterns for an A↔ E transition at a site of C3v
symmetry, showing the predicted relative intensities of each line [17]. The
splittings are related to the stress coefficients of [16] by 1Ei = A1 + A2 +C −
B;1Ef = A1 + A2−C + B;1Eh = A1− A2 +C + B;1Eg = A1− A2−C − B.
Values for these coefficients were obtained from the measured splitting of the IR
ZPL and are given in table 1.
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Figure 8. (a) Emission spectra for approximately 0.70GPa stress along
〈100〉, measured along the 〈110〉-direction with polarization parallel (pi) and
perpendicular (σ ) to stress. The zero stress ZPL is shown in green for reference.
(b) Theoretical patterns predicted for an A↔ E transition at a site of C3v
symmetry [17], where the splittings are related to the stress coefficients of [16]
by 1Eb = A1 + 2B and 1Ea = A1− 2B.
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83. Discussion
3.1. Energy scheme for C3v
The low lying electronic states of the NV centre have been considered in previous
publications [12, 19]. The levels can be obtained by considering the one electron states at the
vacancy site adjacent to the nitrogen. In the notation for C3v point group symmetry there are two
one-electron orbits transforming as an A1 irreducible representation (u, v) and one transforming
as an E irreducible representation (e), and their energies are considered to be in that order [20].
In the case of the NV− centre there are six electrons occupying these orbits and the lowest
energy configuration is u2v2e2. This configuration gives rise to 3A2, 1A1 and 1E states, whereas
there is a higher energy excited triplet 3E and singlet 1E associated with an u2ve3 configuration.
The low lying states are, therefore, as shown in black in figure 9.
The ground state is the 3A2 and the characteristic strong optical transition at 637 nm is
from this ground state, to the 3E excited state. There is fine structure associated with both of the
triplet levels. In the ground state, the spin levels are split by spin–spin interaction into a non-
degenerate Ms = 0 level and a degenerate Ms =±1 level. The excited state is split by diagonal
spin–orbit interaction λL zSz into three equally spaced doubly degenerate levels and there are
small displacements from the non-diagonal spin–orbit interaction, λ(L+S− + L−S+) [12]. What
is more important for this work is the effect of spin–orbit interaction between the triplet and
singlet levels. The interaction causes mixing of states transforming as the same irreducible
representation, and states mixed in this way are indicated by curved arrows in figure 9. The
mixing can enable radiative or non-radiative transfer between the triplet and singlet levels, and
calculation indicates that in the case of the excited 3E state the transfer will be predominantly
out of Ms =±1 levels. This is significant as it provides an alternative decay path to the visible
emission. As a consequence the visible emission associated with Ms =±1 spins is weaker than
that for Ms = 0.
3.2. Magnetic field
Optical excitation causes preferential population of the Ms = 0 spin projection and the visible
emission associated with this spin is stronger than that for Ms =±1. Thus, as population is
transferred to the Ms = 0 spin state the visible emission increases in intensity and, conversely, if
the spin polarization is reduced the emission intensity will diminish. A static magnetic field
mixes the ground state spin levels and inhibits population transfer to Ms = 0, reducing the
spin polarization. Varying the field strength alters the amount of mixing between levels which
changes the intensity of emission, and this effect is particularly noticeable for an axial field of
1028Gauss. At this field value, there is a complete mixing of Ms =−1 and Ms = 0 states. The
population will be equally distributed between the two spins, whereas it will be almost entirely
in Ms = 0 at adjacent magnetic field values. Thus an axially aligned magnetic field swept
through 1028Gauss causes a marked reduction in spin polarization and noticeable drop in the
visible emission intensity as seen in trace (a) of figure 3. With the reduction of polarization there
is an increase in the Ms =−1 population, which increases the transfer rate to the singlet levels
and should increase the emission intensity from any optical transitions within the alternative
decay path. Exactly such a rise is observed in the IR emission at 1028Gauss.
All the other intensity variation of the visible emission in figure 3 can be similarly explained
by variation in the spin polarization of the NV− centre. For example, at the special cases of axial
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Figure 9. The energy levels expected from consideration of the one-electron
states for the six NV− electrons in C3v symmetry are shown in black (first
and fourth columns). Diagonal spin–orbit terms split the 3E level as shown in
the second column, and spin–spin interactions give rise to the splittings in the
third column. Straight arrows indicate optical transitions, and the dashed lines
illustrate weakly allowed transitions that prevent perfect spin polarization. The
curved lines show symmetry-allowed inter-system crossing transitions, and the
wavy line shows suspected vibronic decay between the singlets. The states are
labelled on the left and the symmetry transformation properties of the spin–orbit
wavefunctions are given on the right.
fields at 514Gauss and 660Gauss there is cross relaxation between the NV− centre aligned with
the field and other spin systems in the crystal (single substitutional nitrogen defects and non-
aligned NV− centres, respectively) [21, 22]. These other spin systems are not spin polarized and
the cross relaxation will hence reduce the polarization of the NV− centre, causing the visible
emission to diminish. The steady decrease in the visible emission (and corresponding increase
in IR) over the first 500G is due to the other orientations of NV− centres in the crystal, which
are not aligned with the magnetic field.
It is immediately apparent from figure 3 that the IR emission contains the same features,
and two conclusions can be drawn. Firstly, the complete (anti-) correlation of this intensity with
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Figure 10. Theoretical energy levels for a high (axial) magnetic field situation
are shown in the third column. The first two columns contain the spin–orbit levels
that are shown in detail in figure 9. Straight arrows indicate optical transitions,
curved lines show symmetry-allowed inter-system crossing transitions, and
the wavy line shows suspected vibronic decay between the singlets. The
wavefunctions in the presence of a large field are given on the right.
that of the visible emission (which varies due to NV− spin polarization) proves the new emission
band is associated with the NV− centre. Secondly, the fact that it is anti-correlated shows the IR
emission is associated with the population involved in the inter-system crossing.
High magnetic fields were experimentally found not to split the IR ZPL. Although this
rules out the possibility of the emission arising from certain transitions, subtleties mean that
it does not conclusively identify the correct transition. A triplet–triplet cannot immediately be
eliminated, as it is already known that the 3A2 ↔ 3E (637 nm) ZPL has minimal splitting in a
magnetic field [10, 23]. The individual levels of the triplets are split, but the optical transitions
are between levels of like spin and so they remain degenerate, as shown in figure 10. The same
could occur for the IR, but this option can be dismissed as there are no other triplet levels
in the NV− system. Unlike triplet levels, spin-singlets are not split by a magnetic field, and
thus Zeeman splitting of the ZPL would be expected in general for a triplet–singlet transition. A
subtlety here is that no splitting would be observed if the transition were restricted to a particular
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spin level of the triplet state, as is indicated in figure 10 for the transition that feeds back to
the ground state. However, this diagram is accurate for an axially aligned field only, and the
four different NV− orientations in a bulk diamond sample makes it impossible to achieve total
alignment. Mixing between spin levels in misaligned centres would lead to observable splitting.
To first order, no splitting would occur for a singlet–singlet transition. It is possible for
orbitally degenerate states to separate and give rise to some spectral broadening or splitting, but
this can be expected to be too small to result in a measurable splitting (as it is for the 3A2 ↔ 3E
transition). The experimental result in figure 5 is most consistent with the IR emission arising
from the 1E↔ 1A1 singlet–singlet transition.
3.3. Transients
The response of the visible emission to intense excitation pulses has been interpreted
previously [12]. Initially the NV− centres are evenly distributed between the three spin
projections and they are excited equally. With excitation, the spin-selective inter-system crossing
preferentially populates the Ms = 0 level and causes spin polarization as has already been
discussed. This increase in spin polarization typically increases the visible emission intensity,
however, for intense excitation (as used here) an equilibrium population is built up in a long-
lived (300 ns) ‘storage’ state in the singlet system. This decreases the population that contributes
to the visible emission, causing the drop in visible emission occurring over the first few hundred
nanoseconds that is prominent in figure 6. At the start of the second pulse the population is still
spin polarized and so the inter-system crossing is slightly slower. This is observed as a reduction
in the rate that the emission drops to its equilibrium intensity (i.e. the rate that the storage singlet
builds up an equilibrium population). The peak at the beginning of the second pulse is lower
than that of the first, as some population remains in the storage level after the 500 ns delay and
some population is lost through photoionization [24].
A weak magnetic field changes the situation by mixing of the ground state spin levels,
and thus prevents spin polarization. As a result, more population takes the alternative decay
path through the singlet levels and a larger equilibrium population is maintained in the storage
state. Thus the visible emission intensity is lower than it was without the magnetic field. Since
the difference between the first and second pulses was explained by residual spin polarization,
both pulses should be identical in the case of a magnetic field. In the experiment, the observed
difference that does occur between pulses is due to imperfect quenching of spin polarization
and also to photoionization [24].
A lot of similarity exists in the IR and visible responses to excitation pulses as shown
in figure 6. The major difference is that the magnetic field increases the IR intensity whereas
it decreases the visible, which is consistent with the magnetic field spectra discussed above.
However, the drop in IR emission intensity over the first few hundred nanoseconds of each
pulse (that matches the drop obtained in the visible) indicates that the emitting level is
above the longer-lived ‘storage’ level. The excited state lifetime for the visible emission is
known to be about 12 ns [25, 26], and the transients have been modelled previously using the
3E→ 3A2 lifetime of 13 ns and an effective intersystem crossing rate of 33 ns [12]. From
equivalent modelling of the IR response, it is estimated that differences between the visible and
IR transient responses would become apparent if the IR emitting level had a lifetime of about
30 ns or more. Since no such difference was observed, it is concluded that the lower singlet state
lifetime is responsible for the ≈ 300 ns storage time.
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Such a conclusion is plausible, as the upper singlet could lie close to the excited triplet state
to enable efficient inter-system crossing and the lower singlet could then be several hundred
meV (thousands of cm−1) above the ground state with much slower inter-system crossing.
Attempts were made to repump the singlet–singlet transition by exciting in the IR to confirm
this analysis, but they have not been successful. We were, therefore, not able to establish where
the singlet levels lie in relation to the triplet levels.
The weakness of the IR emission suggests that there is competing non-radiative decay
between the singlet levels as indicated by the wavy line in figures 9 and 10. Such non-
radiative decay would be fast, and this is consistent with consigning the singlet system
storage time to the lower level. It may be a general phenomenon that non-radiative decay
dominates for transitions in the IR, as there are few reports of diamond emitting at these
wavelengths [27]. In very different solid state systems, such as rare earth-doped insulators
there have been systematic studies of non-radiative decay that indicate the non-radiative decay
becomes significant compared with radiative rates where the energy gap between levels is
equivalent to about five phonon energies [28]. In diamond colour centres the orbitals are not so
localized and consequently the electron–phonon coupling will be larger than for rare earths. The
phonon energies are also typically a factor of two higher in diamond compared with insulators
studied in the case of the rare earths. Both the latter factors will result in faster non-radiative
decay and this may be the dominant decay mechanism for energy levels separated by about five
phonon energies as is the case here.
In summary, the following physical description is consistent with the data. There is an
almost 50% branching of the population from the 3E to the singlets, and the upper singlet has
a short lifetime mainly due to non-radiative decay. The lower singlet level has a longer lifetime
which forms the vast majority of the 300 ns storage time identified previously [12].
3.4. Uniaxial stress measurements
The splitting of the ZPL with uniaxial stress can be used to determine the symmetry of the states
involved in optical transitions. A study of this type was undertaken by [18] and they showed the
637 nm ZPL to be associated with an A↔ E transition at a site of trigonal symmetry. In the
present work, this A↔ E transition was excited, but energy transferred within the NV− system
gives rise to the IR transition. This IR transition was investigated with uniaxial stress.
For stress applied along a 〈110〉-direction, two pairs of NV centres have equivalent
orientations and both pairs are excited. In all cases, there is a component of strain perpendicular
to the NV− axis and for an A↔ E transition a maximum of four lines is therefore predicted
[17, 18]. This is consistent with the experimental observation shown in figure 7, and the
polarization pattern for an A↔ E transition shown below the experimental traces is also in
plausible correspondence with the theoretical values given for excitation measurements [17].
Some deviation of the polarization pattern is likely to be due to loss of polarization from scatter
from the crystal faces, as they were not optically polished.
For a stress along the 〈100〉-direction, all four NV− orientations are at the same angle
to the stress and the excitation polarization. Each orientation is thus equally excited, and for
an E→ A transition the component of strain perpendicular to the NV− axes would lift the
degeneracy of the excited E state. The splitting would be the same for all orientations, and
so produce two lines. The spectra for 〈100〉 stress shown in figure 8 is consistent with this
description, and there is plausible correspondence with the expected polarization pattern shown
below the experimental traces.
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Table 1. Stress coefficients for the visible and IR transitions. The values for the
visible are from [18], with the signs of B andC adjusted to reflect the convention
in [17] adopted here.
Visible IR
(×10−12 eVPa−1) (×10−12 eVPa−1)
A1 1.47 0.53
A2 −3.85 −1.44
B −1.04 −0.51
C −1.69 −0.58
Parameters for the stress splitting of an A↔ E transition in trigonal symmetry were
introduced by [16], and their values for the present transition were calculated from the energy
splittings of the four lines in figure 7 and are given in table 1. They are of the order of a
factor 2.5 smaller than those for the 637 nm ZPL determined by [18]. The small values for
the strain parameters are consistent with the emission being associated with a transition such as
1E(u2v2e2)↔ 1A1(u2v2e2), where the splitting has to be associated with lifting the 1E(u2v2e2)
degeneracy. However, the orbital components of this state (Ex = uu¯vv¯ex e¯x − uu¯vv¯ey e¯y , Ey =
uu¯vv¯ex e¯y + uu¯vv¯ey e¯x from table IV in [20]) involve the ex and ey one-electron orbitals which
are displaced equally but in opposite directions such that no first-order shift is expected. This
small response to strain will also lead to the small inhomogeneous broadening. The IR transition
1E(u2v2e2)↔ 1A1(u2v2e2) involves the same single electron orbits and does not require any
rearrangement of the lattice in the neighbourhood of the centre. The electron–phonon coupling
is then much reduced compared with that involving a change of one electron state such as with
the triplet transition 3E(u2ve3)↔ 3A2(u2v2e2). The most common example of this type, where a
transition involves the same single electron orbits and as a consequence exhibits small electron–
phonon coupling, is the ‘R-transition’ 2E(e3)→ 4A2(e3) of Cr3+ [29].
Since the spin polarization is to the Ms = 0 level of the ground state, and this spin level
transforms with A1 symmetry as indicated in figure 9, the 1A1 state should be the lower of the
singlet states [12]. With the 1E as the upper level, the Boltzmann population distribution of the
split components might be expected to change with temperature. This would cause a change in
the relative intensities of the lines in the spectrum, but no such change was observed between a
temperature of 4.2 and 43K (figure 8). In section 3.3, it was argued that the lifetime of this upper
singlet is very short, and it is possible that there is insufficient time to establish a Boltzmann
distribution.
4. Conclusion
An emission band has been observed in the IR, with a ZPL at 1046 nm. Measurements have
established that this IR emission is associated with the NV− defect centre, which has previously
been investigated through its well-documented visible transition at 637 nm. From theoretical
considerations, magnetic field and uniaxial stress measurements the IR emission is attributed to
a 1A1 ↔ 1E transition where these singlet levels lie between the ground and excited state triplets.
Although the results presented here are consistent with the 1E being the higher of the singlets,
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the order of the levels has not been conclusively established. Some contention over the order of
these singlet levels already exists due to previous numerical calculations [30, 31].
There are some puzzling features of the IR emission that remain unresolved. The
documented energies of the vibrational sidebands associated with the visible transition (66 and
140meV [32]) are not matched by the IR sideband energies (42.6, 133 and 221meV). The first
of these IR sideband energies is very small and the last is large, well outside the range of single
phonons in diamond. The origin of these frequencies is unclear but the small electron–phonon
coupling, as well as the small stress parameters and inhomogeneous linewidth, are consistent
with theoretical models of a transition involving only a spin reorientation. Another strange
aspect is the weakness of the IR emission. The inter-system crossing branching ratio is as high
as 50% for the Ms =±1 spin state but the IR emission is about four orders of magnitude weaker
than that of the visible emission. The explanation that has been advanced is that there is also
very significant non-radiative decay for the same transition. Related to this is that, with emission
arising almost exclusively from Ms =±1 spins, it is surprising that the IR only drops 15% with
spin polarization. This suggests that the level of spin polarization attained was small.
Despite these issues, the observation of the singlet to singlet transitions adds significantly
to our understanding of the electronic structure of the NV centre. It provides a new avenue
whereby the centre, and in particular the process of spin polarization, can be studied and used
for quantum information processing applications.
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